Abstract q Background: To investigate the healing process of retinal holes, including the identification of the cell types which play an important role in the process, we created experimental retinal holes with minimal damage to retinal pigment epithelium (RPE) in rabbit eyes. q Methods: Pars plana vitrectomy was performed in the rabbit eye. A dome-shaped retinal detachment (bleb; diameter 1.5 mm) was made by injecting balanced salt solution into the subretinal space, followed by making a retinal hole (diameter 0.5 mm) in the center of the bleb with a silicone-tipped extrusion needle. In one group of rabbits, fluid-air exchange was performed and sulfur hexafluoride gas was injected into the vitreous cavity postoperatively. In another group, gas tamponade was not performed. The operated eyes were examined ophthalmoscopically and enucleated at 1, 4, 7, 14, 30, and 90 days after surgery. Tissues were prepared in 5-µm sections for hematoxylin-eosin staining and immunohistochemistry with antibodies to cytokeratin 18 and glial fibrillary acidic protein (GFAP) and examined by light microscopy. q Results: In the gas-injected eyes, the retinal holes were ophthalmoscopically closed by 7 days after the surgery. Microscopic examination revealed that the sensory retina around the retinal hole was reattached, and the area of retinal defect was covered with cells which were positive for cytokeratin 18 and GFAP by 7 days after the surgery. In the eyes without gas tamponade, the retinal holes did not close during the observation period. q Conclusions: These findings suggest that early attachment between the sensory retina and RPE could be essential for closure of a retinal hole, where glial and RPE cells might play an important role. This model seems to be useful to investigate the process of closure of retinal holes.
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Introduction
Recently, vitreous surgery has been used to treat macular holes [9] , and other studies have examined the role of biologic adhesives [7, 8, 10, 15, 16, 20] , abrasion of retinal pigment epithelium (RPE) [17] , or the removal of internal limiting membrane [4] in sealing macular holes. Ophthalmoscopic or biomicroscopic findings indicated that the macular holes closed completely in some cases, and the surrounding cuffs of subretinal fluid were flattened without closure of the holes in the other cases. In human histopathological studies, there were several reports of postmortem eyes with successfully treated macular holes [6, 11, 18] . These studies have shown that macular holes are sealed by astrocytes, Müller cells, or both. These cells were identified in an epiretinal membrane removed during the surgery for recurrent macular hole [5] . Also, a histopathological study on surgically removed macular hole opercula suggested that the opercula were reparative tissue composed of astrocytes and Müller cells [12] .
There is currently no animal model of macular hole because of difficulties in achieving tangential contraction of the prefoveolar cortical vitreous. In studies of retinal breaks outside of the posterior pole, rabbit eyes have been mainly used. Miller et al. have demonstrated that glial cells and retinal pigment epithelial (RPE) cells play an important role in the healing process of retinal breaks [14] . Several biologic adhesives such as transforming growth factor beta (TGF-β), autologous serum, and a combination of autologous plasma and bovine thrombin may enhance reattachment of the edges of retinal breaks [2, 3, 19] . The cited studies described whether the edges of the retinal breaks reattached to the RPE, but did not mention resolution of the retinal breaks. Furthermore these experimental retinal breaks differ from idiopathic retinal breaks, because RPE cells are inevitably damaged and dispersed as a result of retinectomy [1] , and this may affect the healing processes.
Our ultimate goal is to establish a model to simulate human macular hole. In order to approach the goal, the present study was undertaken to investigate the healing process of retinal holes, including what types of cells play an important role to close the holes and what condition is essential to achieve the closure, using a new experimental model of retinal breaks with minimal RPE damage in rabbit eyes.
Materials and methods

Animals
Fifty-six pigmented rabbits, weighing 2.0-2.5 kg, were anesthetized with an intramuscular injection of a mixture of xylazine (5 mg/kg) and ketamine hydrochloride (12.5 mg/kg). Topical drops of 0.5% phenylephrine hydrochloride and 0.5% tropicamide were used for mydriasis. The right eye of each animal underwent surgery. This investigation adhered to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
Surgical technique
The infusion cannula connected to balanced salt solution was placed 2.5 mm posterior to the limbus at the 8 o'clock position. A separate sclerotomy site was created at 10 o'clock for the vitreous cutter, silicone-tipped extrusion needle, and glass micropipette.
The fundus was visualized using coaxial illumination of the surgical microscope via a planoconcave contact lens. Vitrectomy was performed with a microvitrector (Ocutome 8800, Alcon Japan, Tokyo, Japan) followed by creating an artificial posterior vitreous detachment according to the modified technique of Kelly and Wendel using a silicone-tipped extrusion needle [9] . According to the method of Marmor et al., a dome-shaped retinal detachment (bleb) 1.5 mm in diameter was made by injecting balanced salt solution into the subretinal space at 5 mm inferior from the center of the optic disc through a glass micropipette [13] . A retinal hole 0.5 mm in diameter was made in the center of the bleb under the aspirating pressure of about 100 mmHg with a silicone-tipped extrusion needle. In one group of rabbits (n=24), the scleral wounds were closed and eyes remained fluid-filled. In the second group (n=24), the scleral wounds were closed after fluid-air exchange and 100% sulfur hexafluoride (SF 6 ) gas (0.5 ml) was injected into the vitreous cavity. The rabbits that received SF 6 gas were maintained in position with their heads fixed downward for 4 h. We confirmed ophthalmoscopically that retinal holes were pressed in upright position at least 1 day postoperatively. Eight eyes with intraoperative and postoperative complication -three eyes with RPE damage, two eyes with vitreous hemorrhage, an eye with lens damage, an eye with endophthalmitis, and an eye with retinal detachment -were excluded.
Postoperative evaluation
Four rabbits from each group were ophthalmoscopically examined and killed with an intravenous overdose injection of pentobarbital at 1, 4, 7, 14, 30, and 90 days postoperatively. In most cases, fundus photographs were taken with a fundus camera (TRC-50IA, Topcon, Tokyo, Japan) at 7, 14, 30, and 90 days postoperatively. The right eyes were enucleated and the anterior segments were removed. The tissues were immersed in 0.25% glutaraldehyde and 2% formaldehyde in 0.1 M cacodylate buffer for 1 h, and then immersed in 3.7% formaldehyde in 0.1 M cacodylate buffer for 15 h. Blocks containing the retinal holes were prepared, serially dehydrated, embedded in paraffin, and cut into 5-µm specimens for hematoxylin and eosin staining and immunohistochemistry studies. The specimens were examined by light microscopy.
Immunohistochemistry
All incubation steps were performed in a moist chamber, and all reagents were placed onto the sections in 40-µl drops. Rinses were performed by immersing slides in a 10 mM phosphate-buffered saline (PBS) bath, pH 7.2. Paraffin was removed from the sections by treatment with xylene. Sections were rehydrated through a graded series of alcohol and rinsed with PBS. To block endogenous peroxidase, 3% hydrogen peroxide was applied to each section for 15 min. To block nonspecific activity, 5% normal goat serum (Dako, Glostrup, Denmark) in 10 mM PBS was applied to 
Results
Ophthalmoscopic studies
No lens opacity that prevented ophthalmoscopic examination was observed. Intraocular gas was absorbed by 7 days after the surgery. The time course of the changes in the ophthalmoscopic or biomicroscopic appearance of the retinal holes is shown in Table 1 . We classified the status of retinal holes at each point of observation into three groups: closure, flattening of the surrounding cuff, and non-closure. "Closure" signifies that the surrounding retinal detachment disappears and the margin of the hole can not be identified. "Flattening of the surrounding cuff" signifies that the surrounding retinal detachment disappears but the margin of the hole can be identified. "Non-closure" signifies that the surrounding retinal detachment exists. In the gas-filled eyes at 1 and 4 days after the surgery, enucleation was followed by classification under a dissection microscope, because the In the fluid-filled eyes, the height of the surrounding cuffs decreased; however, the diameter of the hole tended to increase with time. None of the eyes, fluid-filled or gas-filled, developed hyperpigmentation of RPE or proliferative vitreoretinopathy (Fig. 1) .
Histologic studies
In all four gas-filled eyes, 1 day postoperatively, the surrounding cuffs were parallel to the retinal pigment epithelium but did not form firm chorioretinal adhesion. The RPE damage was minimum (Fig. 2) . Four days postoperatively, the gas-filled eyes had fibrotic tissue linking the retinal edges to the RPE. Immunohistochemistry identified the cell types at the retinotomy sites. Antibodies to GFAP labeled the nerve fiber layer, the ganglion cell layer, the chorioretinal adhesion sites, and the retinotomy edges, suggesting glial cells; and antibodies to cytokeratin-18 labeled cells creating chorioretinal adhesion, suggesting RPE cells (Fig. 3) . Seven days postoperatively, multiple layers of spindle-shaped cells filled the retinotomy site and stained for GFAP and cytokeratin-18. These data suggested the presence of both glial cells and RPE cells (Fig. 4) . At 14, 30, and 90 days postoperatively, none of these eyes had excessive cellular proliferation. Cells filling the retinal defect did not show normal retinal layers. In all fluid-filled eyes at 1, 4, 7, 14, and 30 days postoperatively, mound-like retinal detachments from the RPE were observed. Though the RPE damage was minimum, the outer nuclear layer was thin and the photoreceptor outer segments were short and rough around the retinal holes (Fig. 5) . Ninety days postoperatively, all of the eyes still had retinal detachments, though the detached retina tended to be parallel to the RPE in two eyes.
Discussion
There have been several studies of retinal wound healing in animals. However, few previous reports have discussed the resolution of the retinal breaks instead of the flattening of the edge of the hole. We classified the status of the retinal holes into three groups: closure, flattening of the surrounding cuff, and non-closure. In the eyes with gas tamponade, the surrounding cuffs flattened by 4 days postoperatively and the holes closed by 7 days postoperatively, though retinal holes without gas tamponade did not close during the observation period. In contrast, in the models of Smiddy and coworkers [19] and Christmas and colleagues [2] most retinal breaks without TGF-β or autologous serum remained open despite gas tamponade. These difference might be ascribed to the man-85 hazy media due to presence of gas prevented precise ophthalmoscopic examination. At 1 and 4 days after surgery, the margin of the hole could be identified in all eyes; however, the surrounding cuffs in the gas-filled eyes became flattened. At 7, 14, 30, and 90 days after surgery, all the retinal holes in the gas-filled eyes had closed completely and the margins of holes could not be identified. In contrast, all but two retinal holes in the ner in which the retinal holes were created. The RPE damage during retinectomy and the size of the retinal break might be the most noteworthy factors. Smiddy and coworkers performed a 1-mm retinectomy with a bent 20-gauge needle. Christmas and colleagues performed a retinectomy by aspirating the retina directly with a silicone-tipped cannula. In their methods, the sensory retina and/or the RPE can be injured during operation. Our experimental model was designed to produce minimal injury to the sensory retina and the RPE. The sensory retina was separated from the RPE by gently injecting balanced salt solution into the subretinal space with a glass micropipette prior to the aspiration of the sensory retina with a silicone-tipped needle. This technique enabled holes to be made without contact to the RPE. Other studies have not described the size or the form of the retinal breaks. In our model, round holes 0.5 mm in diameter were created to resemble macular holes. The RPE response to manipulations during macular hole surgery is controversial, and therefore a model which helps to avoid RPE interaction in the retinal hole closure process is useful to work out the importance of early attachment between the sensory retina and RPE for closure of the hole.
There have been four histopathologically studied eyes with successfully closed macular holes. Several features were common to all four eyes. These included relatively small breaks in the external limiting membrane with reapproximation of the edges of the holes, some cellular proliferation filling the retinal defects, and underlying normal RPE [6, 11, 18] . However, the types of cells sealing retinal breaks differed among the four eyes. Madreperla et al. and Rosa et al. suggested that macular holes were sealed by Müller cells [11, 18] . Funata et al suggested that one macular hole was sealed by astrocytes, and the other had no gliosis. However, the interpretation of the macular hole without gliosis was difficult because of considerable artifact [6] . Furthermore, the differentiation between Müller cells and astrocytes is often difficult in pathologically altered retina. In fact, Funata et al. could not exclude the participation of Müller cells in the scar formation. Several studies in animal models suggested that glial cells and RPE cells play an important part in the healing of retinal breaks [2, 3, 14, 19] . In our experimental model, antibodies to cytokeratin-18 labeled cells creating chorioretinal adhesion, and antibodies to GFAP labeled cells along the vitreal aspect of the retinotomy edges in the gas-filled eyes 4 days postoperatively. These findings suggested that RPE cells contributed to adhesion between the sensory retina and the RPE layer at the edge of the retinal hole, and that intraretinal glial cells proliferated and formed the outline of the vitreal side of the retinal hole. Seven days postoperatively, spindle-shaped cells filled defects in the sensory retina. These cells seemed to consist primarily of glial cells and RPE cells because they were positive for cytokeratin-18 and GFAP.
In the fluid-filled eyes, retinal holes did not close during the observation period. The outer nuclear layers became thinner and the photoreceptor outer segments became shorter and rough around the retinal holes as time passes. These findings may be ischemic changes induced by persistent retinal detachment, because rabbit retina is avascular except for the medullary ray and takes its nutrition from the choroid.
Ophthalmoscopically, we rarely observe resolution of retinal breaks in human eyes with the exception of macular holes. This might indicate differences in the reparative reaction between species. Therefore, we should be cautious in case our rabbit model is not comparable with the human eye. In addition, the repair of macular holes may differ from that of retinal breaks in other areas because the human macula is unique anatomically and physiologically. Monkey eyes would provide a closer model.
In conclusion, our study in rabbit eyes shows that early attachments between sensory retina and RPE seem to be essential to close the retinal holes. Perhaps the attachment between retinotomy edge and RPE provides the place where glial cells migrate and the glial cells proliferate in response to the attachment with RPE. Further investigation is necessary to clarify this mechanism. This model is suitable for use in further experiments as a model of retinal hole closure, and primarily glial cells filled the retinal holes that appeared to have resolved.
